The arsenic thiolation cycle
Thioarsenates (H3AsSnO4-n) are the dominant arsenic species in alkaline, arsenic-rich, 217 sulfidic environments. These play a significant role in the arsenic biochemical cycle in 218 sulfidic geothermal environments. 74, 75, 76 Thioarsenates are transformed to As(V) 219 and/or As(III) via exposing to oxidizing agents or increased pH, 77 by biological 220 conversion by sulfur-oxidizing bacteria, 75, 78 or by abiotic decomposition 221 (desulfidation) with subsequent biological oxidation. 77, 79 Thioarsenates contain 222 reduced S 2and oxidized As(V). They can serve both as electron donors and electron 223 acceptors. For example, monothioarsenate can be used as an electron donor by 224 Thermocrinis ruber OC 14/7/2, 80 and for anoxygenic photosynthesis by phototrophic 225 purple sulfur bacteria growing in an alkaline environment. 81 Recently, the 226 haloalkaliphilic bacterium MLMS-1 can grow chemolithotrophically by oxidizing the 227 S 2of monothioarsenate to S 0 or SO4 2-, while concurrently reducing As(V) to As(III). 231 The best way to deal with toxic arsenicals in cells is acquisition of an efficient efflux 232 system. As(III) efflux systems have been intensively studied in both microbes and 233 higher organisms. 82, 83 As(III) efflux in most bacteria is mediated by ArsB in an 234 energy-dependent process, driven in Staphylococcus aureus by the membrane 12 cycling of C, Fe, S and N. 85, 2, 86 The effect of turnover of these elements on microbes 266 involved in arsenic biogeochemical cycling is summarized in Figure 2 which contains 267 data based on previous studies 8, 87, 88, 89 and as described below. 269 The chemical speciation of arsenic and arsenic mobility in natural environments are 270 strongly dependent on redox potential and pH. Under oxic conditions, As(V) is the 271 predominated arsenic species, present mainly as H2AsO4at acid pH or HAsO4 2at 272 alkaline pH. In anoxic environments, arsenic occurs primarily as reduced As(III) 273 (As(OH)3 at neutral pH or H2AsO3at alkaline pH), and more mobile than As(V). 90
Arsenic efflux pathways
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Moreover, pH will impact arsenic interactions with Fe, the sorption of As(V) onto 275 amorphous iron oxide and goethite is higher than that of As(III) below pH 5-6, As(V) 276 and As(III) sorption onto iron oxide are both relatively high at neutral pH, As(III) is 277 more easily adsorbed to iron oxide than As(V) above pH 7-8. 91 278 Transformation of arsenic-bearing Fe mineral phases strongly affects the 279 bioavailability of arsenic within soils and aquifers due to direct and indirect 280 interactions between the arsenic and Fe cycles including mineral formation, 281 transformation, dissolution and redox reactions. 89, 92, 93, 94 Previous studies from our 282 laboratory showed that Fe plaque consisting of Fe(III) (oxyhydr)oxides, which was 283 induced artificially through adding ferrous iron in solution to paddy soils, has high 284 affinity for As(V), and reduced arsenic uptake by rice. 95, 96, 97 285 Fe(III)-reducing bacteria modulate arsenic mobility in the rhizosphere. 98, 99, 100 286 Dissimilatory reduction of Fe(III) (oxyhydr)oxides to Fe(II) by dissimilatory 287 iron-reducing bacteria (DIRB) can result either in the release of As(V) from poorly 288 crystalline or more crystalline ferric minerals as well as from sorption sites within 289 sediments, 101 or in the binding of arsenic to the formed Fe(II) minerals. 102, 103, 104, 105, 290 13 106 DIRB are commonly present in rice paddy soil, and mediate dissimilatory 291 reduction of Fe(III) on the rice root-plaque. 107 A study on the role of DIRB in arsenic 292 release under a range of biogeochemical regimes indicated that Fe(III) reduction was 293 stimulated by addition of acetate as a potential electron donor that resulted in a 294 marked increase in the number of DIRB, reduction of As(V) to As(III), and arsenic 295 release after Fe(III) reduction. 100 If DARPs were used as Fe(III)-reducers, Shewanella 296 sp. ANA-3 108 or Sulfurospirillum barnesii 109 could release both As(III) and Fe(II) 297 from ferrihydrite containing As(V) by reducing solid-phase As(V) and Fe(III).
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Eventually, most of the ferrihydrite matrix was liberated as Fe(II) and As(III) if 299 sufficient organic electron donor was present. 110 There is more aluminum in the crust 300 than iron. However, S. barnesii does not reductively dissolve the As(V)-aluminum 301 hydroxide precipitate, 111 so we did not include a detailed description of the effect of 302 aluminum on arsenic biogeochemical cycling.
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In addition to Fe(III) reduction that has the potential to mobilize or immobilize 304 arsenic depending on geochemical conditions that lead to the formation of either 305 dissolved Fe 2+ or Fe(II) minerals, the formation of Fe(III) minerals under 306 Fe(II)-oxidizing conditions has the potential to significantly immobilize arsenic and 14 thermo-acidophilic iron-oxidizing archaeon Acidianus brierleyi, has been used to 316 immobilize As(III) in the copper refinery process by producing thermodynamically 317 stable crystalline scorodite (FeAsO4•2H2O). 117 318 3.2 The effects of sulfur on arsenic biogeochemical cycling 319 More than 200 different arsenic-containing minerals have been found in the Earth's 320 crust, and 20% are sulfides and sulfosalts. 118 The behavior of arsenic is affected by 321 abiotic or biological redox of sulfur, which can either release or immobilize arsenic. 334 Nitrate is an ecologically significant oxidant that can support microbial oxidation of 335 As(III) in the absence of oxygen. The first evidence that microbes are capable of 336 linking anoxic As(III) oxidation to denitrification came from a field study in anoxic 337 lake water columns. 4 The absence or presence of nitrate affected the redox state of 338 arsenic. As(III) was present where nitrate was depleted, but As(V) was the dominant 339 species during anoxic nitrate-rich periods. Subsequently, a nitrate-dependent As(III) anoxic chemolithoautotrophic strains, Azoarcus strain DAO1 and Sinorhizobium 343 strain DAO10, were able to oxidize As(III) and fix CO2 via complete denitrification of 344 nitrate to dinitrogen gas. 129 Biological nitrate-dependent As(III) oxidation is 345 widespread in the environment, and potentially plays a significant role in arsenic 346 biogeochemical cycling. 130
The effects of N on arsenic biogeochemical cycling
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As mentioned above, nitrate also influences the bioavailability and mobility of 348 arsenic indirectly by linking nitrate reduction to Fe(II) oxidation. Previous studies 349 showed tight coupling between N, Fe, and arsenic in paddy soil. 85 Addition of nitrate and other functional groups. 140 They are considered to be an efficient geochemical 367 trap for arsenic both under oxic and reducing conditions. Whereas As(V) is 368 immobilized by binding to protonated amino groups of NOM 3 or a nucleophile 369 substitution reaction between As(V) and phenolic OH groups of NOM, 141 As(III) is Humic acids, which are forms of NOM, can reduce As(V). 150 Known genes involved in arsenic biotransformation are readily determined in 401 pure cultures. However, in the field, these genes cannot easily be quantified in 402 bacterial communities with a limited number of primers, even though As(V)-reducing 403 and As(III)-oxidizing bacteria are widely distributed in the environment. 159, 160, 161 In 404 addition, the speciation, fate and biogeochemical transformation processes of arsenic 405 in the environment are much more complex than under laboratory conditions. 162, 163 It 406 is therefore necessary to apply more systematic and more comprehensive approaches 407 such as metagenomics, metatranscriptomics, metaproteomics, and metabolomics to 408 understand interactions between environmental microbes. These approaches will take 409 into account local geochemical surroundings and neighboring organisms by analyzing 410 DNA, RNA, proteins, and metabolites extracted directly from environmental samples. 
